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DNA replication requires hexameric ring-shaped helicases that unwind double-stranded DNA. In
this issue, Itsathitphaisarn et al. report a high-resolution crystal structure of DnaB in complex
with single-stranded DNA and nucleotide triphosphate analogs, revealing a unique mechanism
by which DnaB unwinds DNA two base pairs at a time.In most living organisms, the preparation
of the genomic DNA for replication
requires the unwinding of the parent
double-stranded DNA (dsDNA) into
single-stranded DNA (ssDNA) templates
for the replication machinery, a job that
is performed by helicases. Most replica-
tive helicases are ring-shaped enzymes
that couple the energy release of nucleo-
tide triphosphate hydrolysis to ssDNA
translocation and, by extension, dsDNA
unwinding. Helicases are categorized
into different superfamilies by protein
sequencemotifs, polarity of translocation,
and function among other criteria. Hex-
americ helicases are classified into super-
families III–VI and are the key players in
DNA replication and transcription termi-
nation. Superfamily III and VI helicases
share a common fold called the AAA+
(ATPases associated with diverse cellular
activities), and members of the superfam-
ilies IV and V share the RecA-like fold. In
this issue, Steitz and colleagues (Itsathit-
phaisarn et al., 2012) report a new struc-
ture of a RecA-fold hexameric helicase,
Bst DnaB, and propose a mechanism of
translocation different from that of previ-
ously described helicases.
The first cocrystal structures of a hex-
americ helicase with ssDNA or ssRNA
and nucleotides shed light on the mecha-
nism of translocation on ssDNA. Enemark
and Joshua-Tor presented in 2006 a
structure of the bovine papillomavirus E1
helicase, a representative of the AAA+
family helicases with a translocation in
the 30/50 direction (Enemark and
Joshua-Tor, 2006). They reported that244 Cell 151, October 12, 2012 ª2012 Elsevithe ssDNA in the central channel adopts
a staircase-like structure similar to the
B-form of dsDNA, induced by the DNA-
binding loops of the six E1 subunits
(Figure 1A). Furthermore, they reported
consecutive ATP-like, ADP, and empty
binding states that correlate with the
orientation of the DNA-binding loops in
the central pore, implying a sequential
ATP hydrolysis mechanism coupled to
the transport of ssDNA through the central
pore, termed ‘‘coordinated escort.’’ In
2009, Thomson and Berger published
a crystal structure of bacterial Rho heli-
case, a representative of the RecA-like
family of helicases, with the opposite
translocation polarity from 50/30 (Thom-
sen and Berger, 2009). This structure
showed ssRNA bound to Rho with the
ATP mimic ADP,BeF3. Interestingly, the
central pore of Rho helicase resembled
the one in E1 helicase, particularly with
respect to the nucleic acid structure and
binding loops. But the ADP,BeF3 binding
states, representing catalytic intermedi-
ates, are oriented in the opposite direc-
tion. Consequently, it was proposed that
the reverse hydrolysis gives rise to the
opposite translocation direction with a
similar coordinated escort mechanism
like E1 helicase (Figure 1A). Previous
crystal structures of Bacillus stearother-
mophilus (Bst) DnaB structure and its
homolog G40P (Bailey et al., 2007; Wang
et al., 2008), even though they lacked
DNA and nucleotide analogs, exhibit an
overall flat arrangement of the six sub-
units, forming a narrow central channel
similar to the Rho and E1 structure.er Inc.Hence, it is appealing to assume a similar
translocation mechanism.
In contrast to the earlier structures, the
new structure reported by Steitz and
colleagues (Itsathitphaisarn et al., 2012)
of DnaB in a cocrystal with ssDNA and
the ATP mimic GDP-AlF4 shows several
new characteristics, including a double
lock-washer structure and the coordina-
tion of ten nucleotides in an A-form
DNA. The double lock-washer structure
consists of an N-terminal domain (NTD)
with the primase binding site, a long linker
helix, and the C-terminal domain (CTD)
with the ssDNA and ATP binding sites
(Figure 1B). Interestingly, theDNA-binding
loops in DnaB are shorter than the E1- or
Rho-binding loops, making a loop-based
DNA escort (hand-over-hand) mechanism
of the DNA improbable. Instead, the DnaB
structure suggests that this escort mech-
anism is performed by the entire CTD in
a hand-over-hand mechanism. One could
imagine the CTD as a motor protein head,
e.g., a kinesin head, and thus envision
DnaB as a six-headed kinesin. In this
model, ADP release triggers the dissocia-
tion of two neighboring CTDs from each
other (cyan and yellow in Figure 1B), and
subsequent ATP binding causes one
CTD to grab two nucleotides farther
downstream. During this reach out, the
CTD domain breaks its several binding
interfaces and stretches the connecting
linker helix, a transition that appears ener-
getically unfavorable but could be driven
by the triphosphate hydrolysis.
Regarding energetics, the authors
suggest a sequential ATP hydrolysis
Figure 1. Translocating Hand-over-Hand along DNA
(A) Coordinated escort mechanism of E1 helicase. ADP release triggers the
dissociation of the DNA-binding loop (blue). Subsequent ATP association
causes the rebinding of the DNA-binding loop in the 50 direction, and the
helicase moves forward. The sequential hydrolysis of ATP (indicated by the
circular arrow) by each of the six subunits in succession moves each DNA-
binding loop forward in a hand-over-hand fashion like a six-headed kinesin
on microtubules. In the case of Rho helicase, hydrolysis proceeding between
the subunits in reversed orientation leads to translocation in the opposite
direction.
(B) Springy translocation of DnaB. Similarly to E1 and Rho helicase, ADP
release triggers dissociation of the DNA-binding loop (cyan). Due to limited
DNA-binding loop length, the entire CTD (cyan) has to dissociate from the
neighboring CTD (yellow) and will move downstream to coordinate the next
ssDNA nucleotides upon ATP association. A long, flexible linker helix allows
the separation of the NTD from the CTD. The direction in which ATP hydrolysis
proceeds is reversed compared to E1 helicase, leading to the 50/30 direction
of translocation.mechanism, as previously in-
ferred for E1 and Rho helicase
(Enemark and Joshua-Tor,
2006; Thomsen and Berger,
2009). In contrast to the E1
and Rho structures showing
different nucleotide triphos-
phate binding states, Steitz
and colleagues observe
identical nucleotide triphos-
phate binding states, indi-
cating a different mechanism
of coordinating ATP hydro-
lysis between subunits. One
possibility was hinted at by a
single-molecule analysis of
the bacteriophage f29 DNA
packaging motor, which re-
quires preloading of all of the
subunits with ATP followed
by a rapid sequential ATP hy-
drolysis (Moffitt et al., 2009).
Steitz and coworkers dis-
cuss two additional models,
termed a corkscrew model
and a DNA scrunching model,
but thesemodels entail a poor
energy efficiency of five hy-
drolyzed ATP molecules per
two-nucleotide step.
Transformation of a flat
geometry into a lock-washer
geometry would stretch the
protein structure, which might
store a significant amount of
elastic energy. This stored
energy could further be used
in DNA unwinding as pre-
viously shown for spring-
loaded mechanisms for NS3
helicase and Rrp44 exoribo-
nuclease (Lee et al., 2012;
Myong et al., 2007). At the
same time, the crystal struc-ture of DnaB features a scrunched ssDNA
(A-form DNA) in the central pore. DNA
scrunching was previously reported for
RNA polymerase to store energy for
the promoter escape and for DnaB to
unwind DNA (Ribeck et al., 2010) and
could thus serve forDnaBasamechanism
for energy storage during a concerted
ATP hydrolysis. Five of the six subunits
each coordinate two DNA backbone
phosphates to create the scrunched ten
nucleotides bound in the central pore.
The coordination of two phosphates per
subunit suggests a two-nucleotide stepsize during translocation and, by exten-
sion, a two-base-pair unwinding step
size in contrast to the inferred one-
nucleotide step sizes for the E1 and
Rho helicases. Thus far, there has not
been a real-time measurement of DNA
unwinding by hexameric helicases with
sufficient spatiotemporal resolution to
detect the elementary steps of unwinding
despite many interesting single-molecule
analyses performed on hexameric heli-
cases. In the only published report of
resolving individual steps by a ring-
shaped motor on DNA (Moffitt et al.,Cell 151, October 122009), the DNA packaging
motor from f29 was shown
to package dsDNA in a hier-
archy of noninteger, 2.5 bp
steps, pausing after pack-
aging 10 bp.
Steitz and colleagues have
opened up a new perspective
on hexameric helicases with
this structure. The high simi-
larities of the E1 and Rho
helicases in their inferred
chemo-mechanical cycle
were surprising given that
they belong to different
families of AAA+ or RecA-
fold enzymes, and this had
seemed to have closed a
chapter of studying hexame-
ric helicase function until the
work by Steitz and colleagues
(Itsathitphaisarn et al., 2012).
Compared to the earlier
DNA-free structure (Bailey
et al., 2007), DnaB switches
to a lock-washer structure
when accommodating ssDNA
in the central pore. In contrast,
an earlier crystal structure
of Rho helicase suggested
a lock-washer structure with-
out ssRNA (Skordalakes
and Berger, 2003) that, up-
on ssRNA accommodation,
adopts a planar hexamer con-
figuration (Thomsen and Ber-
ger, 2009). The new structure
beautifully illustrates the high
structural and functional di-
versity among helicases that
is not revealed by sequence-
based classification alone.
Additionally, further develop-
ments of single-moleculetechniques that allow a higher spatial
and temporal resolution could breathe
life into these crystal structures and allow
us to closely watch helicases in action.
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Mixing of mitochondrial DNAs (heteroplasmy) is unfavorable for reasons unknown. Sharpley et al.
show that heteroplasmy has surprising genetic and behavioral effects in mice, even when each
haplotype alone produces a normal phenotype. This interference is bioenergetic and may have
contributed to the evolution of sexes.Sex requires the fusion of two gametes,
but there is no obvious reason why there
should be two distinct sexes. Yet even
unicellular eukaryotes that produce
isogametes typically have two mating
types. Why so choosy? One distinc-
tion between isogametes relates to the
inheritance of organelles, notably mito-
chondria: one ‘‘sex’’ usually passes on
mitochondria, the other does not. This
distinction is even more marked in
multicellular eukaryotes. Biparental
inheritance of mitochondria produces
zygotes with a mixture of mitochondrial
DNA (mtDNA) types (heteroplasmy),
which can lead to selfish conflict or mito-
nuclear incompatibilities (Hadjivasiliou
et al., 2012). Developmental bottlenecks
can also amplify one variant over
another. If that type contains mutations,
deletions or mitonuclear incompatibili-
ties, the outcome is reduced fitness,
for example mitochondrial disease.
Whether mtDNA mutations occur fre-
quently enough to explain the evolution
of two sexes is uncertain. In this issue,
Sharpley et al. (2012) show that muta-
tions are not needed. Heteroplasmy
alone leads to unexpected genetic and
behavioral instabilities, even when the
two mtDNA types appear to functionequally well against the same nuclear
background.
Mitochondrial DNA encodes a small
proportion of respiratory proteins along
with the tRNAs and rRNAs needed to
synthesize these proteins within the mito-
chondrial matrix. As many as 100,000
copies are passed on in mammalian
oocytes. Mutations inmtDNA have unpre-
dictable consequences as they depend
not only on the mutation itself but also
on its proportion relative to total mtDNA,
the nuclear background, and segregation
in different tissues and organs. For
decades, segregation was seen as
random, but evidence for rapid loss of
severe mtDNA mutations over genera-
tions (Fan et al., 2008; Stewart et al.,
2008) challenged this view. Still, there
is a big difference between eliminating
harmful mtDNA mutations via a germline
bottleneck and distinguishing between
two apparently equivalent mtDNA haplo-
types.
In a large study, involving 500 mice
over 14 years of careful breeding ex-
periments, Sharpley et al. (2012) show
exactly this: different cells and tissues
somehow distinguish between two equiv-
alent mtDNA haplotypes, NZB and 129S6
mtDNA. By constructing embryos withvarying proportions of NZB/129 hetero-
plasmy and generating heteroplasmic
mice, they show that smallish proportions
(0%–15%) of either NZB or 129 mtDNA
do behave in a stochastic manner, but
mixtures of roughly 50:50 NZB:129
behave very differently. Various tissues
show a systematic bias in segregation
toward either NZB or 129 mtDNA (Fig-
ure 1). For example, in liver and kidney,
129 mtDNA is preferentially lost, whereas
in ovarian tissue and oocytes, NZB
mtDNA is preferentially lost, restoring
129 mtDNA homoplasmy over several
generations. In contrast, heart, skeletal
muscle, and brain maintain a stable
heteroplasmic state over a lifetime. The
reasons for such patterns of segregation
remain unknown.
Although these patterns are unex-
pected, the most striking finding is that
heteroplasmy itself causes behavioral
and cognitive abnormalities in mice.
Homoplasmic mice (with either NZB or
129 mtDNA against a congenic C57BL/
6J nuclear background) are indistin-
guishable in terms of fertility, physical
activity, cognitive function, and behavior:
neither NZB nor 129 mtDNA is obviously
better adapted to the shared nuclear
background. Yet a 50:50 mixture of NZB
